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ABSTRACT

THE USE OF CAPACITANCE -RESISTIVE MODELS FOR
ESTIMATIO N OF INTERWELL CONNECTIVITY & HETEROGENEITY
IN A WATERFLOODED RESERVOIR: A CASE STUDY

GOzel Mustafa Erkin
M.S., Department of Petroleum and Natural Gas Engineering
Supervisor Prof . Dr . Serhat Akén

SeptembeR015 142 pages

Increasing the oil recovery from theydrocarbon reservoins becoming the most
important issue for the o& gasindustry with the increase in energy demand and
developing technologies. Waterflooding is one of the most preferable métwaise

of its success ratio, application ease and cost efficiency. Beside mentioned advantages,
this method must be carefully planned and performed by considering reservoir
heterogeneities to avoid unexpected poor recoveries.

As an alternative to the reservoir modeling and simulation studiapacitance
ResistiveModel (CRM) has been developeathich usesonlinear signalprocessing
methodand need®nly production, injection and pressure d#adacharacterizehe
interwell connectivities between injectors and producergluid storage and
connectivity coefficients, which correspond to capacitance and resistance respectively
in an electrical circuit, are us@dthis modeto convert injection signako production
responseandhonor thematerial balance in the hydrocarbon systems.

In the light of these studies, a waterflooded carbonate resdéra®ibeen studied to
depict the connectivity between wells. Results have been checked with the initial water
breakthroughsand reservoir propertiesvhich came upin a good agreementOil
production history match has been performeddiggoil fractional flow modetvhich
relatestotalliquid and oilrates Finally, future prediction studigsave beenconducted

for optimizationof the ratego achieve project objective$he results showed that
CRM could be used for history matchingdaoptimizationin this carbonate reservoir
andresuledin a significant change iproject economics.

Keywords:waterflooding, capacitaneesistive model, interwell connectivity



0z

SU ENJEKSKYONU YAPILMI k SAHALARDAKK KUYULA
ETKKLEKKMK VE HETEROJENLKJK BELKRLEMEK K
KAPASKTBKRSENC MODELLERKNKN KULLANI MI

Gozel Mustafa Erkin
Y¢éksek Lisans, Petrol ve Doj al Gaz M¢he
Tez Yoneticisi: ProD r . Ser hat Ak én

Eylll 2015, 142 sayfa

Artan enerji tal ebi ve geliken teknolojiler
petrol kurtaréméné arttéermak, petirkdlirend¢str
Suenjeksiyonp ak ar &€ orané, uygulama kol ayl éjé ve me
edilen metotlardan birisidir. Bu bahsedil en
kurtar émlardan ,bumeodummake mmaare yhat er oj enl i i
bul undurul arak di kkatl. bir kekilde planlanm
Rezervuar modell eme ve sim¢ldaoogyars a-lalod kmaag/laanr
sinyal i K|l e me satdece arétim, ejekdy banaer Basén- verisin
duyan bir kapasitans diren¢ model(CRM)g e | i k t iBu mddetue, ljeéksiyon

sinyallerini ¢ r et i nve Hidekatbonlsistemlenneleki k@tle ¢ K t ¢ r me k
korunumunu sajl amak amk&adpyulsa, aemlse lwter idk rkecree
gel en akéexkxkan depolama ve iletikim katsayél a
Bu -al eékxmal ar én éEKéjeéenda; Kkuyul ar arasenda
enjeksiyonu yad @eatledrm®éolni ur- |saarh ak u-y ul aved a k i i1k

rezervuar parametreleriyle ont r ol v ee dti  tmh tkh entoglamark € K kK a n
retmilepetr ol ¢ r et i rfmaksiyioneligtrol akkké kI eknodd rbené | ar a k
petr ol cretim taSonblarakpr oakédedef Eéeméneérul ack
optimizasyon ama-| é& ¢g8dnelaf€RM modehnmtanmhtee r i y ap él
-akektéerma ve opt i mrezecevsgaoygulanabdj -i Iné bvue kparrob oen a
ekonomi si nde °jneedenolabbii jrg °mbiet jeir kmi kkltii r .
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CHAPTER 1

| NTRODUCTI ON

As the conventional reservoir exploitation is becoming more difficult, reservoir
characterization and the net present vatagimizationof the existing reservoirs have
become very important. That is wisgcondary an@nhanced oil recovery (EOR)
methodshave come into play and become very popular in oil & gas industry during
the last century.

Considering the current technologies, oil recoy@pcessan besubdivided into three
stages depending on tpeoductionmethod namely primary, secondary and tertiary
production(Figure 1.1) Primary production is the initial stage controlled by the energy
of reservoir nature itself and continues until the oil préidadbecomes uneconomical.
Secondary recovery can be achieved after primary production by waterflooding or
injection of immiscible fluid (water or natural gas) for pressure maintenance. Tertiary
recovery may start after either primary or secondary recaayincluds thermal,

gas injection, chemical and microbial methods.

Forthemost of the reservoirs, it is more advantageous to study and plan a secondary
or tertiary process within the eartyageof production life. According tderry and
Rogers 2015, the primaryproduction methods carecoverup to 25 to 30% of the
original oil in place (OOIP). Theemaining 70% to 75% of thesources large and

attractive target foadditionalrecovery
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Figure 1.1HydrocarborRecovery Methodg\oritis G., 1998)

The most commorsecondary recoverynethod applied all around the world is
waterflooding because of its proved success ratio, application ease and cost efficiency.
The recovery efficiency of a waterflood is largely a function of the sweep efficiency
(success of contacting the pore space Hbedring zone) and the ratio of diwater
viscosities. Gross heterogeneities (fractures, high permeability streaks, faults etc.) and
high viscosity ratios may lead to significant bypassing of residual oil amdrlo
flooding efficiencies (Terry & Rogers, 2015).

Analysis of injection and production data to infer the interwell connectivity becomes
more crucial in casethat the reservoir is heterogeneous or informatatmout the
reservoiris not enoughSeveral studiesereconducted with are based on statistics,
neural network, analytical and numerical calculatitinmfer interwell connectivities

and understand the flow mechanisms.

The Capacitancdresistive Model (CRM) is one of these studiassing the most
reliable data in the waterfloodingrojectswhich arefi r a t e fipressure.dThis
method is a material balance based flow model, wbicisides the transmissibility
and compressibility effectsto understand the interactions and thdisspations
between injecteproducer pairdn thisstudy, this methodis appliedo a waterflooded
carbonate reservaio characterize interwell connectigisand optimize oil production

to maximize the net present value of the project economics.



CHAPTER 2

LI TERATURE REVI EW

2.1 Waterflood Prediction Met hods

According to Thakur and Satter (1998), the main purposes of the waterflood reservoir
management sties are to énate reserves, recovery rates afhabd life for
designing a projeavhich can be done ke analysisof past and future performance.

The common methods for these studies can be categorized as follows:

+ Volumetric Methods

+ EmpiricalMethods

+ Classical Methods

+ Performance Curve Analysis Methods

+ Numerical Simulation Methods
2.1.1 Volumetric Met hods

Once the oil in place prior to waterflo@icalculated by using the original oil in place
and cumulative production, the ultimate recoveay be estimated by using a recovery

efficiency factor.

Estimated Ultimate Recovery = (Rhajection Oil in Place) x (Recovery Efficiency)



Recovery efficiency factor can be estimated from analog fields which show similar
characteristics. It can be alestimated from the product of the volumetric sweep and

displacement efficiencies as shown bel&atter and Thakur, 1994)

O O 80 2.1)

where,
Er: overallrecovery efficiency
Ev: volumetric sweep efficiency made up of areal and vertical sweep efficiencies

Ep: displacement efficiency determined from laboratory tests

Another way of estimating the displacement efficiency and residual oil saturation is
fractional flow theory (Buldy and Leverett, 1942) which requires some petrophysical
parameter input$n addition to these methodmmpirical correlations such as proposed

by Croes and Schwarz (1955) can be used to calculate the displacement efficiency
(Figure 2.1) From this figure both oil recovery and water oil ratio can determined

asafunction of the total liquid production (oil+water) and viscosity ratio.
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Figure 2.1 Experimental Waterflood Performance (Croes and Schwarz, 1955)

Volumetric method may be very important at early time decision making stage

the waterflooding projects. Although the volumetric method gives an estimate of the

4



waterflood recovernyit does not provide production forecast to use in economic model

of the project.
2.1.2 Empirical Met hods

Empirical method$or predicting waterflood performancase mainly based on:

+ Correlations with rock and fluid properties

+ Rate, timingandproduction trend response

Gutherie and Greenberger (195&)nd that the oil recovery water drive reservoirs

was related to the some rock and fluid parameters (permeability, porosity, oil viscosity,
formation thickness, connate water saturation, depth, oil reservoir volume factor, area
and well spacing) and proposed an equation for recaatimation.Schauer (1957)
presented an empirical method for predicting the waterflood behavior of lllinois Basin
waterfloods and constructed a plot showing percerfidlgep at first signs of an oll
production response as a Lorenz coefficieBuerrero and Earlougher (1961)
presented a number of rule of thumbs for predicting performance which have limited
applicability. Arps et al. (1967)conducteda statistical study (312 watdrive
reservoirs) which resulted in an equation dep®men porosity,connde water
saturation, permeability, oil & water viscosities, initiatessureand pressure at
depletion.There are two more studies proposed by Bush and Helander (1968) and
Wayhan et al. (1970) which have limitedefulnessn particular area being studied.
Craig (1971) summarizeall theseempiricalmethodswhich can provide good result
when derived from and appliedttte area having similar characteristide show that

these models could be used for estimating the performance of the projects.

2.1 .a3%sClcal Met hods

Craig (1971) summarized the published classical methods which primarily cencern

with reservoir heterogeneity, areal sweep and displacement mechanism.



Re s e rHeoti err o: dreesei stugies have a common assumption of piston like
displacementYuster and Calhoun (1944) developed equations which explain the
variation in injectivity within three stages a five spot pattern waterflood based on

an assumption of equal mobilitielluskat (1950) extended this study by increasing
the mobility ratio range to 0.1 to 10 and discussed about the effects of permeability
distributions. Prats et al. (1959), based on the same approach, developed a method of
predicting five spot pattern waterfld performance by including combined effects of
mobility ratio and areal sweep efficiency. Stiles (1949) proposed a method which
accounts for the different floeilont positions in liquid filledinsulated linear layers

to derive oil recovery and water cequations by using the permeability variation of
the layers and layer flow capacities. Dykdarsons (1950) developed a method
which uses a correlain between waterflood recoverynobility ratios and
permeability distributioaby studying more than 2G®od pot tests performed.

Ar e 8 We:eMuskat (1946) conducted sevenaathematical and experimental
studies to determine the streamline and isopotential distributions in various flooding
patterns. Hurst (1953) developbtu s k at 6 s met h ibial gas saturationn s i der
prior to water saturation with an assumption of equal mobili@iasdle and coworkers
[Slobod and Caudle (1952), Dyes et al. (1954), Caudle and Witte (1959), Caudle and
Loncaric (1960), Kimbler et al. (1964hé Caudle et al. (18j] hadmany studiesn

areal sweep efficiencies in different flooding pattexhéch arefour, five, seven, nine
spotand line drive patternsdronofsky (1952) and Aronofsky and Ramey (1956)
worked on the areal sweep efficiencies at breakthrough as a fuattiwobility ratio

for five spot and line drive well arrangememsstudy presented bReppe (1961)

which isabout the injectivity of pattern floods as a series of linear and radial systems
used byHauber (1964)o calculate five spot and direct lineiwdr patternflood

performance.

Di spl ace ment: Buekeyg hra reverett (1942) developed a method
considering the mechanism of oil displacement by water in either a linear or radial
systemwhich was latemodified by Welge (1952) to simplify its usadroberts (1959)

and Kufus and Lynch (1959) combined the frontal drive equation with Dykstra
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Parsons method to eliminate the limitation of piston like displacement. Craig et al.
(1955) developed a method, which is one of the most praateihods based o
Welge equation and correlations of areal sweep efficiency at and after water
breakthroughWasson and Schrider (1968-oposed a method of predicting five spot
waterflood performance in stratified reservoirs which combined several studies as
Yuster and @lhoun (1944), Caudle and Witte (1959) and Craig et al. (1955). Rapoport
et al. (1958) developed a method based on a labordémsgloped relationship
between linear and fivepot flooding behavior. Higgins and Leighton (1962)
performed a study based stieam tube approach at unit mobility rasbape factors

and Buckley leverett displacement mechanisms which can be applieddpot; 7

spot, direct / staggered line drive and peripheral patterns.

Craig (197) compared the developed waterflood perfanoeprediction methods and

categorized these into the four groups which consider primarily:

+ Reservoir heterogeneity
+ Areal sweepeffects
+ Numericalmethods

+ Empiricalapproaches

According to this study, fAperfect met hod{
include all pertinent fluid flow, well pattern and heterogeneity effects. However, most

of the methods developed, except the recent mathematical models, are weak because

of their assumptions to be used in field cases where the heterogeneity has a great effect

on reservoir production.

2. 1Pdrformance Curve Analysis Methods

In case of enough available data for the analysis of decline in oil production rate, the
past perfomance of the well, group of welbr field can be extrapolated to predict

future performance. It seertisat justratesareneededor this workbut the reality is



different because theroductionhistory includes differenéxternaleffects caused by
workover operations production policies,surface operations, weather, market
conditions etc. Hence, care must be taken in analyzing the trend of past production and
studyingthe possible future projections which would directly affect the economics of
the project. The commonly used performance curve analysis methods for waterflood

projects areshown in Figure 2.2Satter and Thakur, 1994)

4+ Log of oil production rate vs time

4+ Oil production rate vs cumulative oil production

+ Log of water or oil cut vs cumuiae oil production

+ Oil-water contact or gas oil contact vs cumulative oil production

4+ Log of cumulative gas production vs log of cumulativepodduction
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There are three main types of trends which are used to predict the future production
performance of the well§lathematical derivations ¢fiesehyperbolic, harmonic and
exponential curves for rates and cumulative productions are expmesbedtudy of

Arps (1945, 1956)

2. 1NBmeri cal Reservoir Si mul ati on

Numericalreservoirsimulation studies are based upon material balance which also
takes the reservoir heterogeneity and fluid flow direction into account by dividing
reservoir into grid cell§Ertekin et al.,2001) Rock and fluid propertieand their
changes with timéor each grid block are very important becauséhefcalculations
depending on space and time. Computations using material balance and fluid flow
equations are performed foffférent fluid phases in each cell and time step. Numerical

simulation study can be divided into three stages;

1) Data preparation
2) History matching
3) Performance prediction

Data Preparation

The data needddr simulation(expensive and time consumingustinclude;

+ General data for reservoir (grids, layers, syapitial conditions)
+ Rock and fluid propertiebésicspecial core analyses and PVT data)
+ Grid data & properties (petrophysical parameters)

+ Production/injection and well dateate, pressurand conpletion data)

Hi story matching

History matching of pressure and production of the well / region / field consists of

optimization of the input data until the calculatesults match with the observed



historical data. But one must remember that theseigosudre not unique. That is why
uncertainty analysis of each input data mustidweeto beawareof the possible error

ranges. History matchingrocedure can be summarizedaws:

+ Initializing thereservoimodel
+ Matching pressure and originaydrocarbon in place
+ Saturation matching

+ Field and well rate matching

Performance Prediction

When the production history is matched, orderto determine the optimum
operating conditions and maximize the economics of the project, performance
predictionis doneby using the same matching parameters@ossibledevelopment

scenarios.

2.2 Interwell Connectivity Determination and

2. Bthtistical Met hods

In addition to the mentioned waterflood performance prediction methods,afeere
statistical approaches that foaus the performance of production wells by considering
their relationships with surrounding injection wells. Heffer et al. 7)9@sed
Spearman rank correlations of well rates to find a relationship between injector
producer pairs and evaluated with geomechanics by focusing on the maximum
horizontal stress. Refunjol and Lake (1996) also used Spearman analysis to analyze
flow paths by adding time lag concept which corresponds to effect of compressibility
of the reservoir fluidsJansen and Kelkar (18Pstudied exploratory data analysis
methods on the injection and production data, considering rate and pressure versus
time and spatial |l ocation analysis. De Sant
Spearman rank technique to valid with numerical simulation and examined its

benefits and limitations. Soeriawinata and Kelkar (1999) also proposed a method to

10



analyze the superposition effect of multiple injection wells on a producing well by

using crosscorrelation of summation of ¢hrates of injectors with the producer.

2. 2iznear Regression Model s

Albertoni and Lake (2003) used a more robust multivariate linear regression method
which calculates the interwell connectivity between injeptmducer well pairs
quantitatively byusing the diffusivity filters to consider the time lag between injection

and production rates. Gent{fR005) demonstrated the physical meaning of the
calculated weighting factor by explaining them as the relative average transmyssibilit
betweena@i r di vi ded by summation of all pai
(2008) developed a model based onMi R model wi t h t he BHPOS

production wells instead of rates.

2. Neduir al Net wor k Model s

Some other studies focused on the neural networks to analyze these relationships.
Panda and Chopra (1998) used artificial neural networks to analyze the interaction
between injection and production wells within a pattern by using the injection rates,
permability, thickness as the input of the network and oil/water rates as the output of
the model. Demiryurek et al. (2008) performed sensitivity analysis based on a real field
data to quantify the connectivities of the injector/producer pairs by using trained

network.

2. ZapaciitRersdesti ve Model s

Yousef et al. (2006) developed a more complicated model which uses nonlinear signal
processing model to evaluate the interwell connectivity by considering not only the
injection but also ta primary production and bottohole pressure effects. In this
model, time constants instead of the diffusivity filters were used to characterize the
time delay of injection signal at the producers. Liang et al. (2007) developed a simple
CRM model to optimize oil pruction without using BHP data by adapting a pewer

law water cutprediction model. Sayarpour et &2007) presented analytical solutions

11



for the continuity equation of thERM to model three different reservoir control
volumes by considering stepwised linear variations in both injection rates and
pressuresKaviani et al. (2008) proposed segmented CRM and compensated CRM to
overcome some limitations of the modeayarpour et al2009 applied these models

to a CQ case and concluded that itasreliable tool for performance prediction for
both waterflood and C&looding. Weber et al. (2009) used the capacitaresastive

model to optimize injection allocation in large reservoirs with many variables and
suggested some simplification methodsou¥ef et al. (2009) studied RM
applications to detect the permeability trends and enhance the geological features by
using loglog and flow capacity plots. Delshatid Paurafsharg2009) also used this
model to detect the presence of fractures in a reseand calculate fracture
permeability. 1zge@and Kabir(2009) extended the use of CRM to immature fields in
which the transient flow was studied and validated on a streamline simulation study.
Nguyen et al. (2011) developed an integrated capacHasstive model (ICRM)
(usingcumulative volumes instead of rateghich issolved by linear regressiand
compared CRM model parameters with the parameters used in streamline simulation.
Naseryan et al. (2011) compared the results of MMRCRM and showed the
advantages of CRM with respect to MLR. Wang et al. (2011) superimposed the CRM
established producénjector connection on INSAR satellite imagery of surface
subsidence to analyze the reasons of subsidence in the studgiares.al. 012

applied the ICRM to waterfloods and evaluated the uncertainty on model parameters.
Bastami et al. (2012) iagrated the capacitaneeesistive model into operational and
economicnalysis of a case study. Salazar et al. (2012) presented a case study of CRM
application combined with decline curve analysis to predict the behavior of a mature

reservoir under gasjection.

2.3 Multivariate Linear Regression Model

Albertoni and Lake (2002), suggested a linear multivariate regression technique to
predict the totaliquid production of a well by just using injection and production rates
(in reservoir volumes)This technique is based on the material balance which

12



considers just only oil and water, not the gas naterking period must not include

significant free gas productian this analysis

INAl ber t oniwork reteavtiresdcensidered assgstem that processes a
stimulus and returns a response. Diffusivity filters are used toinékeccounthe

time lag and attenuation that occurs between stimulus and response. Because of the
fact that there are several injection and production welisgaat the same time, the

input signalis affected by the location and the orientation of tlaeheinjector-

producer pairsThree regression typeseres uggest ed depending o

constraints

+ Multivariate Linear Regression (MLR)
+ Balanced Multivaiate Linear Regression (BLMR)

+ Instantaneous Balanced Multivariate Linear Regression (IBMLR)

2. Multivariate Linear Regression ( MLR)

When the field production rate is considerably different from the injection rate, it can
be stated thataterflood isunbalanced anithe MLR must be used in this caseMLR
approach, the estimated production rate of a producer j is given by

n o B _ Qo Q phchB &) (2.2

where N is thetotal number of production wellandl is the total number of injection
wells. This equation states thae total production rateg))l at wellj is equal to the sum

of the injection rate of eachinjector (ii) plus a constant teresj. Thea; parametersre

the weightingcoefficientshat determine the connectivity between pairs and the constant

termasj representtheunbalanced part of the system.

MLR approach is generally used for unbalanced system bus tha$ the only case. It

can be used also for the possible cases below:

13



1 Study of a selected portion of a waterflooded area (boundary influx)
9 Production not associated with injected water (primary production or aquifer)

1 Injection losses to upswept areas / layers

Yousef (2006) explainedhe solution of MLR weights by minimizing the sum of
squared error (SSE) between the measured and estitottiidjuid production rates

0QEYYOB /& A ¢ (2.3)

where,Nr is the total number of data poirits' a time period.

2. Ba2anced multivariate | inear regression (E

If the field injection rate is equal to the total production (atdanced waterflood) the

BMLR must be used. In this model is set to zero a®llows:

~

R0 B _ Qo Q phghB &) (2.4)

This equation states that at any tirtje the total production rate at welis equal to

the sum of the injection rates @fery injector
In the BMLR approachthe balance condition below should be also satisfied;

n B r Q phchB & (2.5)

Yousef(2006) explained the solution bgtroducing a Lagrange multipliegj§, the

objective function becomes

B ne& ne ¢ n B _ T (2.6)
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2.3n3tantaneoMus tBavlaorn ®a&der e s B b R)

The IBMLR approach is very similar to the BMLR approach. The production rate at
producerj is described as summation of the rates of each injector with a separate
balance conditioYousef, 2006)

The balance condition in this case is more restrictivepaved to the BMLR, which
requires that waterflood to be in balance at every time $}pthérefore, IBMLR

should be used when the waterflood is in balance at every time step. The IBMLR
model for each producers;

no B _ Qo (2.7)

The instantaneous balance conditign is

B R B 10 (2.8)
B B Q B 0 (2.9)

B B B 0 (2.10

B o (2.11)

In IBMLR, the sum of the weights for each input variable (injector) is equal to one.

Yousef(2006) states that thHBMLR system must be solved simultaneously for all
producers while the BMLR system can be solved for each producer. The constraints
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(one for each injector) are introduced in the system of equations again by means of

Lagrange multipliers. The objective fummn in this case is

B B nfn& n¢ B ¢ p B _ (2.12)

2. Digfusivity Filters

In real cases, it is not very practical to observe the instantaneous effects on producer
caused by the injectioccording to Albertoni and Lake (2002)p represent the
accurate flow behavior in the reservoir, diffusivity filters must be used to consider the
time lag and attenuation of the changes. Small permeability, large pore volume, large
viscosity and large total compressibility may be the possiesans for a large

dissipation in the reservoirs.

Diffusivity filters and their effects are defined by two factors: the diffusivity constant
(parameter depends on the medium) and the distance betwgmirgh&here is one
diffusivity constant for eacpair and obtained after an iterative process that minimizes

the error between the modeled and the observed production rates.

These diffusivity filters are applied on injection rates and their basic shapes are obtained
from the impulse propagation equati¢he transient solution to the radial diffusivity
equation assuming a homogeneous reservoir, which is superimposed inTimae.

filtered form of injection rates are given;by

Mo B | Mo ¢ (2.13)
which is the effective injection rate of injectomaffecting producey at timet. The
filters includethe effects of the most recent 12 months of injection.| TReare 12

filter coefficients obtained from the discretization of the filter funttin case of large

dissipation, rmre than 12 filer coefficients may be needed (see Appeiidifor
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derivation). Figure 2.3illustrates different dissipationeffects of filtes (no, moderate

and large dissipation) on production behavior
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Figure 2.3 Dissipation olmjectionProduction RRsponse (Albertor& Lake, 2002)

2. AsB5umptions on Multivariate Linear Reg

The general assumption is that all the parametetratiegtconnectivity between wells
must be constanwithin selected the time period for analysis. These constant

parameters can be categorized as below;

Constant number of productionvells: The numberof the wells and corresponding

locatiors must remain castant within the anasys period. In case of introducing new

wells, it would result in a complete new set of weighting coefficients.

Constant producing bottoimole pressure:To capture the pure injection effect on

production well, the welperformance should be analyzed just based on theiarect
rates by keeping the bottéwole pressure constant. Unlglssse effects amecoupled,

it is not possible to estimate correct representative weights

Constant well productivity:Working with tre wells which are stimulated would

exhibit different production profiles even the injection rates are kept constant. That is
why no major changes in wellbore and reservoir properties should occur in the

production wells within the anadis period
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Constant gaoil ratio (GOR): Normally, changes in water and oil saturations will not

significantly affect the reservoir propertideecause of the low compressibility
changes But a change in gas saturaticausesa change in theeservoir total
compressibilityandalsoindirectly the reservoir diffusivity. GOR should be constant

and equal to the dissolved gaisratio in the analyzed period.

No new completionsNo new layers should be completed during asialyeriod.

Constant _nonwaterfloodng production: In the MLR approach, the production

accounted for by newaterflooding reasons (primary production or aquifer support)

is assumed to be constant.

24CapaciitRersdesti ve Model s

Previous studies proved that CRM is a powerful tool, tvidgombines surrogate
modeling and material balance, to estimate the interwell connectivity within a short

time and practical way.

Yousefet al.(2006) introduced a procedure that uses a nonlinear signal processing
model to provide information about theterwell connectivity between produeer
injector pairs and possible flow barriers. This approach uses a more complex model
than MLR by including capacitance (compressibility) effects as well as resistive
(transmissibility) effects and does not require angrgknowledge about the reservoir

properties.
The additional advantagestbis model over MLR can be listed as follows:
+ Applicable when wells are shin frequently / for long periods of time

+ Capable of integrating ¢éheffect of primary production

+ Use ofBHP to decouple the injectiaffectsfrom thepressuraelatedones

18



The name CRM is selected for this model because of its analogy to a respsoitor
(RC) circuit (Thompson, 2006). A production rate response to achtepge in
injection rde (Figure 2.4)is analogous to voltage measurement of a capacitor in a
parallel RC circuit where the battery potential is equivalent to the injection signal.

For each injecteproducer pair, two parameters are determined; one parameter (the

wei ght coefficient, ) guantifies the <co
guantifies the degree of fluid storage between the wells. By considering the inputs and
outputs, the capacitance model could be expressed as the total fluid mass balance

which takes compressibility into account.

Injection Rate, fi1)

Production Rate, g)

b h B BTime 1 to r t 13Time fe1 o
Input signal, I(¢) Output response, g(f)
Arbitrary Reservoir
Control Volume

Figure 2.4 InjectiorRate Signal onProduction Rsponse (Sayarpour, 2008)

The material balancelifferential equation for an injectgroducer well pair at

reservoir conditions is given by

Hoo— ™zAH O (2.14)

where,ct is the total compressibility, is the pore voluméeing drainedn[is the

average pressurg}) is the injection rate ang(t) is the total production rate. This
equation states that at any time, the net rate of mass change in the drainage volume can
be explained by a change in the average pressure in a porous systhrasglionstant

total compressibility.
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To work with just rate and bottdmle pressure datistead of average pressure
parameterwhich is not always easy to obtathe following linear productivity model

can be used,;
n ol n (2.15)
where,J and pwt are the productivity index and flowing bottbpie pressure of the

producer, respectively. Eliminating the average pressure by using new productivity

model gives

tT— no ™ To—— (2.16)

where,Uis the "time constant" of the drainage volume, and is expressed as

— (2.17)

This equation is developed based on the following assumg@aysirpour, 2008)

Constant temperatufesothermal)
Instantaneous equilibrium

Two immiscible phases

Negligible capillary pressure effect
Small fluid compressibility

Dar cy amlies aw

- F F £ £ +

Constant poductivity index

By using integrating factor techniga@d integration by partequationbecomegfor
detals see AppendbB):

20



no Roa — —.F Qs 0 oT  f o

— 7 QR 9 (218

where,to is the initial time and§ is a variable of integration.

This equation states that the output signal includes three different parts. The first term
on the rightsideof the equation is theesponse of primargpre-injection) production

rate The second component is the contribution from the injection input signal. The
last component is the output signal caused by changing the BHP of the producer
(Yousef et al 2006)

2. HDikcrete Model

Discretizing the integrals, capacitance model for mpector and one producer at

constant BHP becomes:;
n e ne Q B | X (2.19

where

<

o (2.20)

nis a timelike variableandkn is the selected discretization interva is the filter
coefficientwhich shapeshe form of the output signafor fixedkn, the time constant,
which accounts for attenuation and time lag between injector and producer pair,

characterizes the filteroefficients(Yousef, 2006)

The integration and the discrete version of the model represent convolved form of the

input injection signal which is also called as a filtered injection rate. Total production
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rate at stem is a function of the primary prodtion component and the injection
history betweem and no. The contribution of each step in the injection history is
controlled by the time constant which transforms the injection input signal to take the

form of the output signal by using filter coefaits.

The time constant) is a direct measure of the dissipation in response between an
injector and producer paif.there were no dissipation between a well gaivould be

small and a change in the injection rate would cause an equivalent aticrsgous
change in the production rate. The main reason for a large dissipation islanthige

can also be detailed as a large total compressibility, a large pore volume, a small

productivity or permeability as stated in the formula.

Yousefet al.(2006) explained the effects of time constants on production signal by
using three different values &f as shown in Figure 2.5. Fal< 1.0 time unit, the
producer signal is very similar with the one for injection which indicates that the
injection chang causes a nearly instantaneousequlvalentthange at the producer.

For U= 10 time units, the injection at every stemloes not have its entire effect
instantaneously acting on the producer. Injection from previous steps contributes to
production at ®pn. The injection output signal &= 50 time units, results in larger
attenuation and more time lag. From this study, it can be concluded that the larger the

Uthe more attenuated and delayed the production signal.

step injgction

|

= 1.0 time unit

=100

Rates
I
[=]

=500

0 200 400 600 200

Time

Figure 2.5 FilterednjectionRate Responsdsr Different Time Constant Values
(Yousef, 2006)
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2. £x2ension to Multiple Producers and

In real world, usually there are more than one production and injection well acting
simultaneously and théotal production rate at one production well is usually
supported by different injection wells. Thus, &pacitancdresistiveModel must be

generalized to describe a system consisting of one peodnd multiple injeatrs.

One way is to applthisintegration isassuming the corresponding injector is the only
injector acting in the medium and the rate at the producer is affected only by that
injector. The material balance equation for each injgatoducer pair in a system

consisting of producgrandinjectori is;

H o — _T105 A (2.21)

Then, by making use superposition in space, the governed material balance equation

for producel andl injectors is

B & & —— B _"Qo0 B f (2.22)

where,ciij, Vipij, andnf now all represenproperties in aolume drained by producer
when injectoii is only active in the mediung; is the production rate at produgef

there were only one injection wel) @ffecting it

Compared tmne injectofproducer pair modeEquation2.22 suggests that the total
volume drained by produce¢randl injectors can be decomposed into separate pore
volumes in which each pore volume is drained by ifhevell pair when the

corresponding injector is the only active well in the medfggure 26).
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Figure 2.6Schematic of the Pore Volumes Used by One Producer & Injectors
(Yousef, 2006)

Bt — BnAR o B _Q0 —B *t 0 (2.23
where
T — (2.29)

which provides one time constafif)(andweight @) for eachinjectorproducer pair.

The solution of equation will consist of three terms. The foastt is for primary
production(pre-injeciton) depletion. The second term accounts for the contribution
from multiple injection input signals. The last term is for the changing BHP of the
producer(Yousef et al., 2006)

The primary prodction term and the BHP termequires some mathematical
manipulatons and approximations. The primary production term, the first term in the

solution ofequationis;

Mi 001 4R o0 Q B o0 Q E n 60Q (2.25)
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wherg gij(to) andGh are the initial production rate when only injectds active, and
the corresponding time constant, respectively. Beoaiuthe fact thatyj is usually not
available, the primary production solution requires expression in terms of known

guantties. One way is to impose the same time constant in all tghneh results in;
M 00 aQ B R o (2.26)

"Mi 6B an o Q (2.27)

wherg gj(to) is the initial total production rate of produger, is e resultant time

constant of the primary production solution.

The injection term, the second term in the solutioregfiationneeds no further

approximation and is given by:

OieWIi GB _ Q 7 0 Qe (2.28)

which, provides one time constanj) and weight ;) for each pair.

The BHP term, the third term in the solution of E@Q9, is given by;

YOI &0 a0 /0 0 oo

b o0 0Q R o — % an e (2.29)
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whereJj, and(j are the productivity index when only one injector is active, and the
corresponding time constant, respectively. Silyde not known, the BHP term must
be defined in terms of known quantities. ifwasin the primary production term, the
same time cortantconcept can be used hgere

YOI E01 0 6 Q R0 — 7 an e (230

where vj is a coefficient that determines the effect of changing the BHP of producer
It is approximated by:
v B v (2.32)

Then, the generalized capacitance model for produa injectors is given by;

§
_ s
n o _[00Q _ Q Q Qa9
9

bR 00 noo —.0 QR e (2.32)
The discrete form is:
n € _neQ B _ Q¢
0 N £ Q n £ n £ (2.33)
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Q  Qa (2.34)

Q 3 & (2.35)

a and | are the weighting factor and time constant for the primary production
contribution.a; is the weightcoefficientbetween injector and producey; () is the

time constant for the medium between injectond producer, Q £ is the convolved

or filtered injection rate at stepandry € is the convolved BHP at stapfor

producerj; vj is a coefficient that determines the effect of changing the BHP of

producey.

It is also possible to observe produpeoducer interetions whichcan also influence
production rate of the producer8y i ncor porating the BHPOS
in the BHP term it is possible extend the equation to account for prodemerducer

interactions:

B 0O i & Q S S S (2.36)

where,0 s a coefficient that determines the effect of changing the BHP of producer

k on the production rate of produgem ¢ is the convolved BHP at stapfor

producerk.

In this way, he time constants in the BHErms arechanged fromy to U in orderto
incorporate producgrroducelinteractionsBut on the other siderdm the case studies
perfomed, it wafoundthatall®s i n BHP term tend to be v

term can be simplified as,
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60w Qi 4B 0 0 & N & (2.37)

According tothis equation the data used in the regression procedure to determine the
vos coefficients are the difég eanckcte®BdP”s bet ween

at any step¢ , so if the producer BHP is constant, the BHP data will be simply zero.

In the capacitanceesistive mode| there are two sets of parameters that require
estimation. One set is the time constagisi(, dndll), and another set is the weighting

coefficients &, ij, @ndVyj).

To determine the optimum solutiona s (& 8 d -lmearomtimization procedure
is required. The weights; obtained from the optimization provide a quantitative
expression of the connectivity between eaphp@ir; the larger thes, the greater the
connectivity. The time constariisare direct measures thfe dissipation between each
pair; the larger thé], the larger the dissipation.

Kaviani et al. (2008alsostudiedonCRMa pp |l i cati ons @&gmeéntedr oposed t
CRMoandfi 6mpensated CRMto overcome some difficulties in CRM applications.

SegmentedCRM can be used where BHP data an&nownandCompensate@€RM

makesthe model need lesparametemwhena new producer is addexd an existing

producer is shdih. They can be used simultaneously if both conditions are the case.

In that study, different shifting filter is used and discretizedequation is achieved
Based on the weknown CRM equation proposed by Yousef et al. (2006)

no noa@ — —.F Q@W@eas 0 00 o o
-5 2, ;
— an 9 M®™ (2.38)

R-)

by assuming a constant injection rate and pressure in each timeggtafpon becomes
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n 0O n 0 (2.39
where

Qo B Q Q Qo (2.40)
n o B Q Q N o} (241

By neglecting the time constant between producepsessure contribution paa it

was also done in Yousé006), final version of equation becomes

B 0/ & #/ o (2.42)

Detailed procedure daiscretizatiorcan be found in Appendi.

2. AydPes of CRaepsaicsittiavnec eMo d e |

Two different approaches depending on the type of waterfloqutepesedy Yousef
et al. (2006)

+ Balanced Capacitance Model (BCM)
+ Unbalanced Capacitance Model (UCM)

Both approaches are based on a total material balance, using the total (oil + water +

gas) production rates (in reservoir volumes/time), ithection rates (in resvoir
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volumes/time) and bottonole pressures (if available / not constant) for every well in

a waterflood as input data.

Bal anced Capacitance Model

Waterflood is balanced when the fieldde injection rate is approximately equal
field-wide liquid production rate. In this case, the following form of the capaciance

resistive model should be used

ReE _nE Q B _Q¢ B 0 600 (243
where

Q: B 1Q TWa (2.44)
500 n & Q n & B L9 f @ (2.45)

This equation states that the total production rate at anysitep linear combination
of the primary production, the convolved or filtered injection rates of every injector,

and the BHP change of every producer.

All the coefficients mentioned above can be determined by minimizing the squared
errors betweemeasured production rates and those generated by equation:

0QEB K& R & (2.46)

subject to average balance constraint

n=n (247)

The final objective function is defined as follows by udiagrange multipliers;
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D'QEB A& A& ¢t A A (2.48)

By setting this equaitonds derivative wi
zero, a set of+K+2 linear equations can be solved simultaneously far i and
t . As a constraint of this objective, sum of the weights of one injector should be equal

to 1.

Unbal anced -Rapasttaachlodel

A waterflood is unbalanced when the field production rate is considerably different
from field injection rate. There may be different reasons for evaluating the waterflood

asunbalanced,;
+ Study of a selected portion of a waterflooded area (boundary influx)

+ Production not associated with injected water (aquifer effect)

+ Injection losses to upswept areas / layers

If this is the case, a constant rgéeshould be added to the model.
ne 1/ _nf B _Q& B 0 600 (249

The minimization procedure smilar to the one in the BCM. The system is solved by

minimizing the squared errors;
0 "QeB ne ne (2.50)
Minimization proceeds as befovehich generates a set bfK+1 linear equations

which can be solved for h. v @& § . Unlike BCM, the sum of the weights for

each injector can be less than or equal to 1.
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In the derivations of the RM requires several assumptiorfKaviani et al, 2008)

+ Constant number of producers; i.e. no shyteriod omew production wells
+ Availability of BHP data or constant and similar BHP
+ Constant reservoir and well conditions
+ Long period of data
+ Negligible change in gas saturation
+ Uncorrelated injection rates
25Anal ytical Solutions fer Different Reservoi

Sayarpoutet al.(2008) proposed analytical solutions for the differential equation of
the Capacitancdresistive Model based on superposition in time. Solutioaie

suggested for three different reservoantrol volumes:

+ CRMT - Drainage volume of the entire field
+ CRMP - Drainage volume of each producer
+ CRMIP - Drainage volume between each injector/producer pair

Consideringhe CRM equation for one injectproducer paifYousefet al.,2006)

no noa@ — —.F Qs vn o6 O i o
- ;
u— . an 9® (2.5)

Yousef (2006) discretized the integrals in the equation over the entire production
history by considering equal discretizations of time intervals. Instead of numerical
solution of the CRM developed by Yousef et al. (2006) and Liang et al. (2007),
integralscan be evaluated analytically by using superposition in time, in which an
analytical solution at the end of each time interval can be used as initial condition for

the next time interval.
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Based on the assumption of linear variation of bottaie presste (LVBHP), these

analytical solutions weréerived for two different projections which gfgure 2.7:

4+ Stepwise variation of injection rate (SVIR)

+ Linear variation of the injection rate (LVIR)

e L I
m
x I, —
1
o L., i
g L !
E (] I:. : :
] - : :
Aty . Aty v At ' AL, |
: : X i i
to ty ty I3 Time | Y [

Stepwise Variation of Injection Rates Betweeto tn

=]

®

o

=

S

3

= i(to)
tp 51 5 I3 Time tyg Ty
Linear Variation of Injection Rates Betwe®Ho tn

o Puelto)

i .

(73]

w

o

o , Pﬂ'f(‘n—l} '

% -3 | G“Pw[“nj‘

£Z ! ]

£ . :

=2 | :

3 At
to t1 t2 t3 Time tu-1 tn

Linear Variation of Bottomhole Pressures Betwigdn tn

Figure 2.7 Schematic étate and Pressure Chang®ayarpouet al, 2008)
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2. TCRMTOne Tdomest ant for Fi el d

In this type, reservoir is modeled by a single producer and a single injector (Figure
2.8) as a tank by including the total production and injection rates which repgégent

andi(t) . T isused as field time constant.

Figure 2.8 Schematic of CRMT (Sayarpetial, 2008)

By considering the system with one injectone producer and constant field injection

rate for a time intervditm, the totalfield-production rate can be stated as;

fo-me o] 00— (25

no no Q Q.. .

By integrating the second term by parts, it becomes:

»® (2593

CRMT Solution for Series of SVIR (stepwise variation of injection rate)

For a time series of data points (SVIR and LVBHP), by assuming constant productivity
index during the time intervaltm, equation can be integrated from titsa to tm as

follows:
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[
[
e

R0 A6 Q p 0 0 0t 5— (2.54)

where,O s the constant injection rate during the time intelal

For all time intervals front to tn gives the superposition in time solution;

y
ho o Q@ B p 0 0 Ute—Q (259

Solution for one injectoir producer pair with the assumptions of stepwise variation of
injection rate and linear variatYodsn of
the difference betwean andd  andry 0 is the total production rate at the end of

primary recovery.

CRMT Solution for Series of LVIR (linear variation of injection rate)

For a time series of data points (LVIR and LVBHP), by assuming constant productivity

index during the time interv&ltm, equation can be integrated fidime tm1 to tm as

follows:
y y_
n o no Q §O) Q §O)
S'/ ]
T p Q 0 (2.56)

The equation above i s devgdfloViReadd LYVBHP onl y

and can be extended for a series of time steps;
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B Q" p Q L 0 o— (257)

Solution for one injector producer pair with the assumptions of linear variation of
injection rate and BHP of producer are shown above wfigreA T ¥ represent

a change in the injection and BHP for time intervahafto tm

The variation of BHP of individual wellsannotbe accounted for in estimating
parameters, if more than one producer exists; BHP term must be eliminated. Moreover,
if a portion of the field injection is maintained in the reservoir, the field injection rate
must be modified and in case of any sourcseugport is available (aquifer influx), a

new parameter must lagelded ashown below;

N

B (0 0 0 p Q (2559

where O indicates the flux intadhe reservoir from external source otheanth

injectors and_  represents the weight coefficient of the portion.

2. TCRMPOne Time Constant for Each Producer

For a control volume around a producer, patterd atimber of injectors and a

producerjs shown in the Figur2.9;
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Figure 2.9 Schematic of tl@ntrol Volume ofProducerj (CRMP)
(Sayarpour et al., 2008)

Lianget al.(2007) presented the differential equation for the capacitance esdel
t— [ 0 B ™ tu— (259

where, Vp , ¢t and pwt are the pore volume, total compressibility afhowing

bottomholepressure, respectively.

t T time constant for drainage area of the producer (2.60)

r],Q ‘0 ratio of injection rate of injector flowing toward producey (2.61)
= 0

By considering the BHP variations, solution for this differ@ngquation can be

expressed as

Ro RO Q Q ° o -8B Vo ®

> g =

y Yoo —'o (262

Instead of the numerical integration proposed by Liang et. al. (2007), analytical

integration with superposition in time used for both SVIR and LVIR conditions.

Integrating the equation above by parts
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Q B v — » (2.63)

CRMP Solution for Series of SVIR (stepwise Vv

For a time series afata points (SVIR and LVBHP), by assuming constant productivity
i ndex duri ng tnhleguationicamee integtated from titea 8 tm as

follows;

S “ e Y h

(2.64)

For the series of time interval in the model, by replaqffwg) from the previous time

step solution for the all time intervals starting friarequation can be expressed as;

B Q p 0 B 0 0t (2.65)

CRMP Solution for Series of LVIR (linear wvar

For a time series of data points (LVIR and LVBHP), by assuming constant productivity
index during the time interv&itm, equation can be integrated from titra to tm as

follows:
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Qo

(2.66)

For the series of time interval in the model, by replagfiig) from the previous time

step solution for the all time intervals starting fragrequation can be expressed as;

S (2.67)

2. TCRMITEODne Ti me

ConstantPrfodruckeachalimj ecto

In CRMIP, the affected pore volume of any injector/producer pair is considered. The

volumetric balance over the affected pore volume of any injgrtafucer pair is
illustrated below(Figure 2.D),

. 9
L

Figure 2.10 Schematic of tfereVolumesUsed byOne ProducerfnjectorPair
(Sayarpouet al, 2008)
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Theequation for each produeatector pair was stated by Yousef et al. (2006);

— —3 6 —_T0 U h (2.68)

where the time constari is defined as;

I (2.69)

Yousef et al. (2006) initially summed the CRM equation over all the injectors for the
production rate of producgrin a multtwell system and presented the following

equation:

n o B + — B (0} itB Ot 0 (2.70)

Yousef et al. (2006) initially applied superposition in space and Liang Q0dl7)
numerically solved for production rate of each producer, but in this work firstly the

equation of each pair is solved through superposition in time and then superposition in

space to find production rate by summingtup e a | | i njectorsd contrib
o B R o Q phchot & (2.71)
where
n o n 010Q _ Qo 1Q Qo
0 o —2 i — 2.72)
9 ] 9
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CRMI P Solution for Series of SWIR (stepwi

For atime series of data points (SVIR and LVBHP), by assuming constant productivity
index during the time intervakm, equation can be integrated from titea to tm as

follows:

R0 /o Q p Q 0 0t 273

where 'O andYn  arethe injection rat@and change in BHP ofroducer

For the series of time interval in the model, by replaqitig:) from the previous time
step solution for all time intervals starting frasnequation can be expressed as;

B p Q 0 0t 50 (2.74)

B B P Q _ 0 DTyy—'Q (2.75)

CRMI P Solution for Series of LVIR (linear

For a time series of data points (LVIR and LVBHP), by assuming constant productivity
index during the time interv&ltm, equation can be integrated from titsa to tm as

follows:
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. (2.76)

where,k'Q andkn  are thechangen injection rate of injector and change in

BHP of producef

For a time series of data points, by superposition in time and assuming a constant

productivity index during any time interval bin, gj can be calculateak

n o n o Q _ Qo Q Qo0
y S,/ S‘/ .
t B Q p Q - 35— Ug i (2.77)

n o B 4 o0Q B _ Q06 0Q Qo
— s yo W
t Q p Q _ T Vg (2.79)

To match the total production history for a patterhiofectors andN producers in
different reservoir control volume$able 2.1shows the parameters to be solved:
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Table 2.1ComparisorBetweenNumbers otUnknowns in CRM (Sayarpour, 2008)

CRMT CRMP CRMIP
Unknowns qr(fo), 4F.7F) g{(ta)'s, Ay's T's and Jy's gi(to)'s, Ay's ty's and Jy's
No. of Unknowns
without BHP data 3 Nx(I+2) 3xIxN
No. of Unknowns
with BHP data 3 Nx(I+3) 4XIXN

As a summary of comparison between the previously develogeatitance resistive
models and these analytical solutions, Table 2.2 shows ddgantagesand

disadvantages dhe different models.

Table 2.2ComparisorBetweenDeveloped CRMs (Sayarpour, 2008)

Compared Criteria Yousefetal. (2006) | Liang etal. (2007) | Sayarpour et al. (2008)
Analytical solution for only
one change of injection rate
and bottomhole pressure for
total liquid production

CRMIP CRMP AllCRM’s

Summation of CRM

e . . q;; are evaluated
differential equations Qi @ ¢

individually and then

CRMIP solution approach of each injector- n/a . .
) o their summation
producer pair is e .
generates stable g;'s
solved = +
Solution for injection rate Analytical solution with
fluctuations for total liquid Numerical solution Numerical solution | * "7 050 L
solution superposition in time

Analytical solution for both

injection rate and BHP Analytical solution with

fluctuations for total liquid wa wa ""lpe'p(:i{”(("]2;';,;““& for
production
0il production optimization w/a Based on maximizing | Based on reallocation of
h net present value fixed field-injection rate
Model validation examples WVariable injection Variable injection Variable injection rates
rates and fixed BHP rates and fixed BHP and variable BHP
Timestep increments fixed fixed variable
Block refinement n'a n'a CRMT and CEMIP

26l nt egCapga&di t anchMMo dReelesSCBRM) v e

Although the CRM models need just rates and pressures, they use nonlinear
multivariate regression to estimate model parameters. If arfielading lots of wells

is considered, obtaining a unique solution with reliable results and establishing
confidencantervals of the model parameters may be difficult because of the nonlinear
nature of thesenodels Weber etl., 2009)

43



Nguyen et al. (2011) developed a model which uses linear multivariate regression on
productioninjection, initial reservoir and bottohole pressure data to minimize these
complex calculations. Suggested approach uses cumulative water injection and
cumulativetotal liquid production instead of rates. Due to the simpler formulation of
the ICRM formula, unique solutions are easier to obtamimpared to other models and

a remarkable reduction of the computation time can be achieved.

ICRM can be applied to the reservoirs which have no aquifer, no volatile oil and no
gas cap initially. It is applicable to both primary and secondary recovechwan be
used in large fields. A detailed analysis of use ICRM in primary recovery can be found

in the study oNguyen at al. (2011)

It is based on material balance as it is same in other models and developed from the

CRMP governing differential equati as the following:

— —q — B Q0 h (2.79)

wherg Jis the producef6 s t i me oeapreserdsrthe fragtiordof water rate

from injectori flowing towards producgr

After multiplying both sides of equation loly andintegraing from to to tn;

™ —-_. R Qo -8B . Q6 0 :'m L (2.80)
Rearranging the terms and integrating equation, the equation becomes;
Or N n + B _6wO 0t/ 5 1/ ; (2.82)

where 0 j represents the cumulative amount of total liquid produced from a producer

j at time steph. 0 w "Caccounts fothe cumulative volume of water injected into an
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injectori at time stemandli s t he tot al number o i njec

constant, equation can be simplified:

0 n n Tt B 6 &0 (2.82

Model parameters are estimated by linear multivariate regression that minimizes the

following objective function;

i Edk B B 0 O & (2.83

with the constraints which makes coefficients meaningful,

B "Q p foralli (2.84)

a 1 § T foralliandj (2.85)

which, represent a material balance allowing for a loss of watecte@gewithin the
control volumewhen the sum of gains is letsan oneandensures that injected water

does not adversely affect the reservoir produdieber et al., 2009)

2.E/mpi rQiclalFractional Fl ow Model s

All CRM and regression based surrogate modasaitioned up to now can estimate
the total liquid productiorConsidering the optimization of the project econonmix

only the totakatesbut also the oil rates as anfttion of time are very important.

In Figure 2.1, oil productiontrendof a successfullyaterflooded oilfield is shown.
Initially, the reservoir pressure increases as thefithad pore volumes are fidled
with waterwhichalsoresults in redissoling free gas back into oil. The oil production
response occurs after the-ilp of the gas spacAs the injection continueshe peak

oil production rate is reached and oil production rate declines with indreasser

45



cut until the residal oil saturation of is reached (Thakand Satter, 1998Mentioned
periodsof the flood life can bexpressedby different mathematical expressions that
fit the rate/time relationship best and forecaswillite, 1986).

1 L]
Ay & I c
1 1
=IFill Up I

=2 1 1 X
=3 1 1 Decline Period
o

: Incline Period ! Total Fluid

Water

N . ... —

BOPD

l— % Waterflood Life

Figure 2.11 Typical Waterflood Performan@édakur, G. C.1991)

Total production rate during secondary or tertiary recoveries are obtained easily by

CRMs and can be combined with oil fractiofilalv model toestimateoil production

Oil fractionalflow models are either based on saturation front propagation or empirical
models. The saturation based models are dependent on reservoir pararmieters
may be difficult to obtain most of the timekherefore, empirical oil fractiondlow
models are usedommonly because of its ease and less data requirenfapuay
(2003) summarized the most common empirical methods which use only production

data as follows

Makszimov (1959) proposed the followimgjuation to calculate the cumulative oil
and cumulative water production based on the laboratory measurements and

production data of oil reservoi(Bigure 2.12):

() TiTe® 0116 (2.86)
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where

W, = cumulative wateproduction bbli m?
Np  =cumulativeoil production bbli m3
a,b = constant

7 4 MAKSZIMOV
6 logW, =logb+ N, loga
tga=loga
| ° ’
=9 4 ,".&,
=
g 3
24
y logb
1 T L T T L] 1
N, —=
b.

Figure 2.12 Cumulativ@vVaterProduction vsOil Production (Makszimov, 1959)

According to this relationship, the logarithm of the cumulative water production is the
linear function of the cumulative oil production. By assumig o + qw, equation

becomes;

_ 0 (2587)

Von Gunkel etal. (1968) proposed an equation for the cumulative wateatio and

cumulative oil productiofFigure 2.13)

wl'Y — & oQ (2.89)
where
W, = cumulative water productiobbli m?
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Np = cumulative oil productiorbbli m?

a, b, ¢ = constants

GUNKEL - MARSAL -~ PHILIP

. c=small &
o
9L tga=b

WOR*=a +be"N»

Figure 2.13 Cumulative WOR V@il Production (Von Gunkeét al.,1968

According to this relationship, the cumulative waddrratio is a function of the

cumulative oil production. By assumingg= go + gw, equation becomes;

— 0 (2.89)

Timmerman (1971) proposed an eqoltbased on a relationshifpr forecasting

production for oil displacement by wai@igure 2.14)

1T€ o b (2.90)

where

Jo = oil production ratebbli m?/time
Qw = water production ratébli m3/time
Np = cumulativeoil production bbli m?

a,b = constants
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Figure 2.14 OWR v€umulativeOil Production (Timmerman, 1971)

According to this relationship, the logarithm of the actualaiter ratio is the linear

function ofthe cumulative oil productiolBy assuming] = go + qw, €quation becomes;

- o — (2.91)

Kazakov (1976) proposed the following equattoncalculate cumulative wateil
ratio andcumulative water production relationship based on the production data of oil
fields (Figure 2.15)

WOY — & p O (2.92)

where

WOR = cumulative watenoil ratio, %

W, = cumulative wateproduction bbli m?
Np  =cumulativeoil production bbli m?

a, b = constants
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Figure 2.15 Cumulativ@vVaterOil Ratio vsWaterProduction (Kazakov, 1976)

According to this relationship, the ratio of cumulative watirmratio is the linear
function of the cumulative water production. By assunming o + qw, equation

becomes;

— Q (2.93)

Ershaghi and Omoregie (1978) proposed an equation for the cumulative oil production
and water fraction relationship based on BuckleyerettWelge displacement

equation(Figure 2.16)

50 (2.94)

where arand aare constant

6 O Hdat— p — (2.95)
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Figure 2.16 Cumulativ®il Production vOil Cut (Ershaghi and Omoregie, 1978)

By assumingy = go + Qw, 0il production rate vsumulative oil production equation

becomes;

o0 O ol l— — (2.96)

Table 2.3 summarizes all mentioned models and the proposed equations which uses

only rates and cumulative volumes.
Gentil (2005) proposed an empirigadwerlaw fractional flow model which relates

water - oil ratio and cumulative water injection. Estimated water/oil ratio can be

calculated from the following equation:

— (297

where
W = cumulative water injectigrobli m?
U, B&constarg

51



when the injection androduction rates are in balance, equation becomes

0

(2.99)

All these mentioned modelsan be used to predict and optimize oil flow rates by

combining the total production resultsngimg from any CRM based application.

Table 2.3Common Empirical Oil Fractional Flow Models (Papay, 2003)

Method Basic equation Time “Rate - camulative production
q, _ .N-i'\ﬂ"p 1+bNp
TIMMERMANN log—~ =a+bN, = =3 QﬁQigTa‘g
N +W q”:q__l____
MAKSZIMOV logW,=logb+N,loga | 1= —iE—L 1+ba*ina
1 1 N, +W, L8 q
=a+b[ln(=- 1)—= = £ P _ N =a+ -
ERSAGHI - OMOREGIE | N;=a+b] (f., ) £ 2 p=ath(ln20 i
. N,+W, _ (1 -bN,)
=(gq — = q.=q
Kazakov "WOR'=(a=1)+bW, 1 (a—2bN,)(1-bN,)+N,b(a-bN,)
N +W 1
i - - T = <M = = eN
f};}::ﬁ; MARSAL WOR =a +be Baru %=4 1+a+(1+cN)be™
“q=g,+q, = const.
"WOR =W, /N,
28Economic Evaluation of the Waterf

oodi

According to Satter & Thakur (1994), there are commonly used economic criteria and

methods of analyzing project economics. Steps for analyzing a project economically
can be seen as in Figu2el7 and detailed as following items:
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’g{ Economic Optimization |

PAYOUT
PWI
DCFROI
PWNP

Make Economic
Analysis

Choose Optimum
Operation

Figure 2.17 Economic Optimization Algorithm for Projects
(Satter & Thakur, 1994)

Economic ObjectivesEach project has its own economic criteria to fit its strategy for

doing business profitably. The main decamsimaking items can be listed: as

Payout Time

Profit to Investment Ratio

Present Worth Net Profit

Investment Efficiency or Present Worth IndexProfitability Index

-+ + + &

Discounted Cash Flow Return on Investment or Internal Rate of Return

Formulating Scenarios:This stage is the decision point of the selecting best scenario
for the specific project. Usually more than one scenario are studied endoit

profitable of them is selected. Thisidy may include the followings

1) Injection type (peripheral or pattern flooding)
2) Well spacing and number of wells
3) Timing of the wells

4) Rate and pressure optimization
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Collecting Data: The data required foeconomic analysis can include mainly
production and injection rates, investment and operating costs, financial data (oil &

gas prices) and economic data like shares, loyalty, taxes etc.
Economic AnalysisThe procedure for economic analysis is outlined below:
1) Calculating revenues from oil and gas sales
2) Calculating total costs including the CAPEX, OPEX and taxes
3) Calculating the undiscounted and discounted cash flow
Risk and UncertaintiesProject analysisnust include also risk analysis which must

consider technical, economic and political conditions. Assumptions can be done in

forecasting recoveries, prices, investmesperating costs and economic situation.
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CHAPTER 3

STATEMENT OF PROBLEM AND SCOPE

Characterization of the hydrocarbon reservoirs and predicting future prodtmtion
maximize economic return of the asaetbecoming the most importaissuedor the
companies as the amount of available resources becoming lilkgedresult othe
decrease in the success of new discovegrdditional oil recovery methodshave
become inevitable for most of the brown fields.

Watefflooding, the oldest and most commogecondary recoverynethod, has
considerabledvantages terms of high recoveries and low costs. Even an increase
in the recovery is observed, most of thgdrocarbonis left behind because of
unexpected poor recoverie3o avoid losing tme and money because of not
understanding the flow mechanisms in the field, a detailed stumyidbe conducted

in all projects.

To picture the heterogeneity and predict performarcereare different possible
methods which can be categorized mainly as empirical, analytical and numerical
models Empirical models are not capable of explaining the physical logic of the
problem. Analytical models are more rohustit needsimplifications beause of
complexityof equationsReservoir simulation studies negllhrgeamount ofeservoir
data to have a fwhiehpmagehbe ehaltermging for @ projavith d e |
limited time and budget.

To offer rapid reservoir evaluation and quick estimation of the performance of the

reservoirs withessand more reliable data, a wide variety of approaches have been
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developed. One of the approaches to complement reservoir simulatomogate
models that rely omate and pressumata to estimate reservoir propertiége main
advantages of this approach aequirement ofewer data, less computation time and
reduwction of uncertainty in the geological model.

The Capacitancé Resistive Model is one of these successful methods wtseb
measured rate and pressure data to inferwell connectivities between injectors and
producersby taking compressibility and transmissibility effects into accoiihis
modeluses nodinear regression athodandconsists of three main parts which are
primary production contribution of the well itself, injection contributions from other

injectors ad pressure change effects related to well itself and nearby producers.

The main objectiveof the studyareto determinghe interwell connectivities between
injectorproducer pairanddefine the flow paths of the injected watey using CRM

In this way, thananagementf the reservoir can be optimized lgingthe operational

and economical decisions. Oil productions and oil fractional flows come into picture
to relate thdiquid ratescoming from CRMwith the oil rates to be used in economic
analysisBringing all thesalata together with the econoniarameteranaximization

of the projectevenuecan be achievenh a long term period

In thisstudy, arealwaterflooded carbonate reservoir is studied by uSaggacitance
ResistiveModelto observe if any additional economical and technical income can be
achievedBy taking heterogeneity and tl@certaintyinto account, the amger of the
following question isnvestigatedi Wh eotild have been done and achieved iera t
year project period by characterizatioh the reservoirand optimizationof the

injection volume80
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CHAPTER 4

FI' ELD OVERVI EW

4. 1 Gener al Overview of the Field

Thefield is alarge carbonate anticlinal structure trending- 8\, bounded by a high
angle thrust fault in the south. Producing zone is limitgdhe major fault striking

parallel to the axis of the structure and sheroundingstratigraphidooundaries.

Formation is a limestone with lateral and vertical facies changes due to lithological
and grain size variationshe main formation can be subdivided into two pdhtstop
porouszone andhe bottomtight zone(Memioglu et.al, 198). Thisis also validated

by the ©re andysis shoving thattheporosity dstribution isbimodalwhich represents

the mentionedwo sections Permeability distribution shows almost a -legrmal
distribution within moderate valueBST values (limited data) show similar result
with the core which rarely indicatefractureeffects The maindisadvantagef this
mediumis that thevertical permeability is high as horizontalein generalsomeout

of trend datajvhich has an important effect amater breakthrough@igure 4.1)

Thereported oilAPI gravity is about26° APIl. Themeasuredbubble point pressure is
197 psi which enabtkonly liquid phase flow in theeservoir The differential solution
gasoil ratio, oil formation volume factor and oil viscosity at bubptentpressurevas
measured as 122 scf/sfbl bbl/stband6.75 cp, respectivel{SSI, 19%).

According to pressure and production dgégheredn the first four year production
period there is no aquifer support in the fieRy the decrease in tipgessure with the
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production, it was understood that reservoir had only been producingaxpaersion
mechanism and it was decided to start peripheedkr injection to pressurize the

reservoirand displace oil.

Peripheralow salinity water injestion project has started in 1960 and continued until
today. There are 45 wells drilled up to nowthre fieldwhich consists 016 producers,

4 injectors, 18 abandonedproducer + injectorand 7 fresh water wellsurrently
(Figure 4.2)
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Figure 4.1 Porosity & Permeabilityharacteristicef the Producing Formation
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42l njection and Production History of t

Oil production startedh 1956 and new wells were drilled to delineate the reservoir
after the discovery of the structur€he increase in the number of wells and the
production continued in thiellowing three yearg~ollowing the decrease in the field
pressure with the productipit was decided to staperipheral water injection for both

pressure maintenance and displacement

Water injection project had been initiateglthe year of 1960 and new production and
injection wells were drilled to enhance production in the following y&dss, osme
modificationswere made in injection patteto maximize the productionnjection
continued up to the year of 198hdwas stopped to perform a simulation stutty

optimize thedecrease in oil productiaas a result oihcrease in the water cuts.

According to the studies performed, injection pattern was changed and injectors were
placed into iterior parts of the reservoir@ecause of the heterogeneitaasd closer
well distancesa worse water cut increaseenario cotinued in the following years

andsome of the wells were at@oned due to high water cuts.

By the end of 2014, the cumulative production i18illion bbls of the fieldwhich
corresponds t80 % of OOIP. Arerage oil production iabout310 bbls/d anderage
watercut throughotithe field is approximatel88%. Up to now50.2million bbls of
water injected into the reservoir whichli£2times of the totadiquid production from
the field(Figure 4.3)

Because of the pattern change in early 1980s,e f1®9&€ 0 and dafter
configurationsand the related information must be taken into account to understand
the flow mechanisms in the field. Theentioned patterns are shown in tbhkowing
figures(Figure 4.4 & Figure 4%
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4.3 Early Time Water Breakthrough Anal ysi

One of the most helpful analysis whislasused to correlate the weight coefficients
with the real data is early water breakthrough analysis. This anamgsidone by
consideringhe timing of the first water production in the wells and the possible related

nearby active injectors at that time.

In the first four yeas of the production, 14 wells (@0, 22, 26, 27, 31, 32, 34, 35, 36,
38, 39, 40, 41and 42 were drilledandfour of themwere converted to injectoras
plannedfor waterfloodingproject In the next five yea after the initiation bthe
waterflooding, ¥ wells (G49, 50, 51, 52, 57, 58, 59, 60, 61, 62, 63, 65, 66, 71, 80, 83

and 84) were drilled to develop the field and maximize oil production.

The active injedrs (G-27, 38,41,42,50,51,52, 60,61 and71) beween the years
1960 and 1968&vere investigatetb observe possibiateractiondbetween these wells
and the water breakthroughs in proeliscin addition,the distancebetween wells and

the fluctuationd responses in both injection and production ratese used to map
these interactionsFigure 46 illustrates one of the water breakthrough analysis
examplein which the water production starts with the start of injection in a nearby
injector. Thegeneralmap of interactionsvhich is generated by using breakthrough

analysis, fluctuation similarities and well distanees shown in Figure 4.
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Figure 4.6An Example of Water Breakthrough Analysis and Related Well Pairs
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CHAPTER 5

METHODOLOGY

In Chapter5, themethodology bthe capacitance resistive modgdplicationin a real
field and the optimization of the project objectiaee discussedFirstly, the model
which was used to matgroductionhistory of the field and the preparation steps are
introduced. Secondlyfractiond oil flow match model selectionand matching
procedurearediscussedr-inally, differentoptimization algorithms which combine the
capacitanceesistive oil fractional flow and theconomicmodek are presented

5, Capaci-Resnicset i ve Model Application

5. 1AViai | ab | ePrDeaptaar aatnido n

Because of thdiscovery timeof the field, it has a long historical data to be analyzed.

As it was stated in Al njecti oofChaptedt, Pr odu
thefield has been watflooded since 1960 with a seven ygapbetween the years
19851992 Available data forthe field consists ofmonthly recordedb9 years of
production and 55 years of injectibrstory (Figure 5.1)

In addition to production anthjection rate data, static bottorrhole pressures and
dynamicliquid levels measured from the wedlse availabléeginning from the year

of 1987 Unfortunately, flowing bottommole pressures could not be measured because
of the current technologies available at that timstead of thesmissingdata liquid

levelswereused tancludebottomholepressuregdirectly. Thefield datashowsthat
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thereis no constant bottohole pressure productio.herefore studywould result in

unrealistic fitting parameters unled® pressuresontributionswereincorporated

5. 1.2 Working Period Selection

Focusing on thereviously mentioadassumptions of CRNKaviani et al., 2008)

+ Conrstant number of producers; i.e. no shuperiod or new production wells
Availability of BHP dat or constansimilar BHP

=

+ Constant reservoir and well conditions
o No new perforations in other zones
o Constant productivity index

+ Long period of data

~

Negligiblechange in gas saturation

+ Uncorrelated injection rates

In this casestudy, injection was stoppdaetween the years 198®92and new pattern
was designed in which injectors laate closer to the producdogated in interior parts
of the reservoirAfter acertain time following the ptgrn change, increase in water
cut and liquid productiondbecamestabilized In addition to this criteriaproperly
measuredlynamic liquid leved are avdable afterthe yearof 1987 whichrestricted

the working period in a narrowartterval

By consideringstabilized flow period, the constant number of production wells,
availability of rate &liquid level data, shuih periods and constant GOR conditions;
betweenbeginning 0f1996 andmiddle of 2000 timeinterval was selected as the

history match workingperiod for this case study (Figure2p.
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Figure 5.1 Injection and Production History of the Field

The reasons for selecting this time period can be listed as follows;

4+ The producers represent the current situation in the field

4+ There are enough fluctuations in the rates to deterthaneonnectivities

4+ Rate & liquid level data were measured properly (bad data quality after 2000)
4+ Reservoir pressure is above bubble point pressure (constant GOR)

4+ No workover operations arthanges during after the period (constant PI)

Selected tira intervals for different stages with their explanations are listed below;
1) 01.01.1996 01.12.1998 ( 36 monthshistory matching

2) 01.01.1999 01.06.2000 ( 18 monthshistory match validation by forecgst
3) 01.07.2000i 01.07.2010121 months- optimization period
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The reasomf selecing optimization period within 200Q010 years is because of the
factthatthe low salinity water injection was stopped after 20dstead of fresh water,
produced water was injected after 20I8Be change in the injected liquid typesulted

in a negative effect othe production behavioBecause of this performance change,
it would not be meaningful to compare these periodsthab partwas excluded from

the analysis.

5, 1. 3 Data Preparation

The production, injection and liquid level dateere preparedas nputs within the
working period interval As stated in th&€€RM formula, rates must be in reservoir
volumes which were achieved by using formation volume factor information gathered
from fluid properties. 1.04 rbbl/stb and 1.01 rbbl/stb values were used to convert

surface volumes into reservoir ones for prasand injecors respectively

There are two types of production rates
Awor king dayo. Cal endar day based rates
production by the number of the correspo

takes the xact working days into account.

The injection rates were also calculated as calendar based Tage$ottonhole
pressures were calculated by using a pressuckegtato convert liquid levslto the
pressure which is 1.35 psi/m with an assumption o€ foresence of both water and

oil in the annulus.

The calendar day based rates for both production and injection were used as inputs of

the model to honor the material balance in the system.

5.1.4 CaRasi staince Model Selection and Ger

The equation discretized by Kaviani et al. (2008) was used in the model to apture

primary productioreffectsof the produceitself, injection contributions from thether
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injectors andhe pressure effects of nearby producers. The main reasotetd thés
methodinstead of the other studies mentioned in the literature survey is to integrate
also the pressure effects of nearby produckne equation which was used for the
CRM calculations proposed by Kaviani et al. (2008) is as follows

B 0/ o 1/ o (5.1)

where,fj is the unbalance effeparameter

The equationaboveincludes three important parts which are primary production,
injection contribution and the pressure contribution terms. Primary production
contributions of the wells were calculated from the time interval before injection
stated again in the year of 199Injection contributions of each injectproducer pair

(14 x 15) forl75monthswereformulated to capture continuous (convolved or filtered)
effect of injection. Also, pressure contributions betwpesducers (15 x 15) for 53
months ardormulated by using the liquid level data just for the history match period.
Pressure contribution formulas were not extended until the end of the optimization
because optimization procedure assumes constant pressure production, no way to

simulate the pressirecontributionsfor the future in this model.

To cover all the parts of the equatioittjig parameters were tabulated to be soh&ed a

a part of the solution matrgFigure 53) and listed beloyw

1) One weight and time constant parameter of prinpaogluction for each well
2) 14 x 15 weightoefficient andime constant matrices for produdejectors

3) 15 x 15 weightoefficientmatrix for produceiproducer interactions

Microsoft® Excel based Analytic Solver Platform software was used to generate CRM
model. GRG2 (Generalized Reduced Gradient) algorithm, which is better for smooth

nonlinear problems, was used to solve the generated matrices.
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Also, thetotalliquid production and injection rates wateeckedo analyze if the field
is in balanced or unbalanced conditigdifference between injection and liquid
production rates)Almost allmonthsin the working periodreunbalancedut liquid
productionis considerablymore than the injein only in the first 14 monthsThat is
why unbalanced effeaf was usedn this time period Because of the fact that
injection volumes are more than the productiolumesin the remainingeriod there

is no need to use any unbalance effea ssum of the weightdor injectors are

expected to bequal odowerthan unity.

i G20 G22 G32 G-34 G-36 G58 G59 G-62 G63 G83 G-84 G90 G91 G98 G99
A G20 G22 G32 G-34 G-36 G58 G59 G-62 G63 G83 G-84 G90 G91 G98 G99
Ti G20 G22 G-32 G34 G-36 G58 G59 G-62 G63 G83 G84 G90 G91 G98 G99
G26
G31
G38
G40
G42
G49
G50
G57
G60
G64
G65
G66
G71
G-80
A G20 G22 G-32 G34 G-36 G58 G59 G-62 G63 G83 G84 G90 G91 G98 G99
G26
G31
G38
G40
G42
G49
G50
G57
G60
G64
G65
G66
G71
G-80
Vkj G-20 G-22 G-32 G-34 G-36 G58 G59 G-62 G63 G83 G84 G90 G91 G98 G99
G20
G-22
G-32
G-34
G-36
G58
G59
G-62
G-63
G83
G84
G90
G91
G-98
G99

Figure 5.3Weight Coefficient and Time Constant Matrices Usethe@Model

Finally, objective functioriierror betweerthe observed and predicted liquid rates are

minimun® was setvith constraints to reach best solution
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1) Weight coefficients of pairsarenane gat i ve ( O 0 )

2) Time constants of pairs are greater than z&fe (0 )

3) Sum of the weights coefficients is equal or lessthan &e (& 1)

4) Pressure coefficients of nearby producers are less than zero while the

coefficient of producer itself is greater than zeg @ 0v; & 0 )

Firstly well by well and finally simultaneous nelinear regression was performed
within the first 3 months periodThen procedure was extended through the n@xt 1
months period without changing any parameters to validatkisk@y match fitting
parametersBeing sure about the fitting parameters matching the ptmotuhistory,

they were used in optimization period for the nEXt months period.

52Fracti onal Oi | FI ow Mat ch

For the optimization algorithm, the oil rates are much more importantdatetquid
(oil + water)rateswhich leads to need foa correlation betweelnjuid rates and oil

fractional flow. Anempiricalmodelwasselectedor calculation of the oil rates

The usedmodel was selected by studying all of the mentioned oil fractional models
covering the cumulative oil production and oil cut relationsKigzakov (1976jvas
selected athe most promising one which fits the water cut and oil production trend
reasonablyvell within the working period. Most of the late time production tresfds

the wellswhich areimportant for the optimization periaglere matchedery well

Remembeang the model once more, the relationship between cumulative oil

production and oifractional flowcan be stated as follows:

— Q (5.2)

N, =cumulativeoil production a, b = constants
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To find these constantlsistory matching procedut®y using nonlinear regressidor

the historical time steps neededin this model, the given liquid rate uses the previous
time stepbs oil cut t oollpdreducdonwhichisusedfioe c ur r
calculating the correspondingt i me st epds c umu.l The newe o |
cumulative oil productinis used again to calculate the oil tmtthe next time step to

repeat all these stepg usingthe given formula.

530pti mi zation and EcPmomaot Anal ysi s of t

Because of the fact that late time of the waterflooding project is analyzed cat#
study, some of the items listed in the economic evaluatiam be excluded here. That
is why just only theoperatingcoss of injection/production, rates and prices of
hydrocarbons are considered for this project.

The overallbptimizationworkflow by using capacitance model and oil fractional flow

model summarized by Sayarpd@008§ is illustrated in Fig5.4;

Injection and
; Produchion History

Totzl Production Match | Fractional Flow Match |

[ F
\—D{ Chl Production Match }Q—‘

CEM Parameters Buckly-Leverrett or

Evalnation: Connectivites -y .
and Tmme Constants Empinical Medel Parameters | History

Fﬁ‘ Current Injection Bate H ¢Pt\e-d1.cti.cu.

h
Total Production Forecast | | Ol Cut Forecast |

r
Onl Production

Faorecast'Ophmization

Figure 5.4 Economic Optimization Algorithm fBroject (Sayarpour, 2008)

Firstly, total liquid and oil production matches are performed by using capaeitance
resistive and oil fractional flow models. When the production history is matched,
injection & production forecast are done by using the same parameters to optimize the

both injection and production rates depending on the defined objective function.
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The most important part of an optimization problem is determining the objective
function. Acording to the study conducted by Bastami et. al. (2012), depending on
the purpose of the optimization, different objective functions can be defined as

follows;

+ Maximizing cumulative oil production

+ Minimizing cumulative water production

+ Maximizing net preent value of the project (incomes & costs)

#« Maintaining the oil production rate

In this case studyfwo alternative optios which consider either technical or

economical outcomes of the projeatre used

1) Maximization of the cumulative oil production during a specific time interval.

The objective function is as follows:

Y B . 0Q0 (5.3)

Model tries to maximize cumulative oil productieechnicallyby changing

injectionvolumes

2) Maximization of the profit of this waterflooding project during a specific time

interval. The objective function is as follows:

Y 4 /R B . fQ 0Q0R B _ QoQo (5.4)

where,j i} andn are oil price, disposal cost of the waper produced
barrel oiland the water injection cost per barrel, respectivielythis part,
model tries to maximizeevenue by just calculating the economical valfes

both production and injection volumes.
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CHAPTER 6

RESULTS AND DI SCUSSI ONS

Chapter6 bringsall previously discussed chapteogether tasshow the main results
of thestudy. Chapter starts witbhRM application results for this specific case study.
It is followed by the malysis of fittingparameterso explain thenby making use of
geological explanations. Then, oil fractional flow model selectionhestdry match
results are discged. Finally, bnging all these outcomes togeth#re optimzation

of the injection and project revenasconductedand explained

6.Clapaci-Resnicseti ve Model Application

As stated in Chaptes, the discretizedhodel proposed by Kaviani et al. (20083s

used to decouple the effects of the all contributing parts. Firstly, unbalance effect was
investigated to correctly match the otlwamtributions related to both injection and
pressureAccording to this analysis, it was observed thatalhthly prodiction rates

are considerably different than the injection rates but just onlfirftee4 months of

them aremorethan the injection onesJnbalance effect parameter was usethis

time periodfor each well.

For primary production coefficient pararagg, it was found that =1 andt =50,000
model parametenepresenthe average field decline rate am suitable to be used
for the producers in thisodel. In theinjection contribution part, 14 x 15 weight

coefficient and time constant matrices wegenerated. Integrating the pressure

75



contribution part,a 15 x 15 pressure effect coefficient matrix wgesneratedto
decouple the effects of injectiondpressure contribution. All theseodelparameters
were solved simultaneously to honor the material balafd¢bke systemand model
constraints in each time stéhe resulting fitting parameters for injection and pressure

effects are tabulated below;

Table 6.1Calculated Weights, Time Constants and Pressure Coefficients

i 20 22 32 34 36 58 59 62 63 83 84 90 91 98 99
26 0.07 0.18 0.15 0.05
31 0.10 0.13 0.03 0.15

38 0.01 0.06

40 0.05 0.18 0.10 0.05
42 0.07 0.01 0.13 0.08 0.02 0.10

49 0.07 0.01 0.04 0.05 0.02 0.01 0.05 0.01

50 0.09 0.01 0.02
57 0.05 0.02 0.01 0.10 0.04 0.08 0.08 0.04 0.03 0.02 0.28

60 0.01 0.09 0.04 0.02 0.10 0.03

64 0.15 0.01 0.02 0.03 0.12

65 0.03 0.02 0.07 0.08 0.14 0.08 0.05 0.02 0.50 0.01
66 0.01 0.04 0.10 0.03 0.04 0.01 0.60 0.01
71 0.04 0.09 0.01 0.01
80 0.01 0.01 0.04 0.06 0.08 0.05 0.06 0.02 0.30 0.02
A A 20 22 32 34 36 58 59 62 63 83 84 90 91 98 99
26 150 20 57
31 160 85 155 637

38 280 250

40 80 20 95 46
42 20 150 30 151 130 80

49 240 20 20 260 350 43 20 10

50 200 150 166
57 350 350 35 25 242 30 34 30 55 25 30

60 30 250 150 101 262 40

64 50 16 242 245 559

65 250 450 52 650 25 250 207 125 60 50
66 100 62 35 280 161 150 90 48
71 248 59 30 92
80 290 250 90 90 162 56 75 150 93 180
Vi 20 22 32 34 36 58 £ 62 63 83 84 90 91 98 99
20 0.01 -0.02 -0.04

22 0.01 -0.01 -0.06 -0.01 -0.15

32 -0.07 -0.03 0.02 -0.03

34 0.02 -0.03 -0.18 -0.09 -0.01 -0.01

36 0.07 -0.02 -0.11 -0.07
58 -0.01 0.03

59 -0.08 0.01 -0.05 -0.04 -0.25

62 -0.08 0.04 -0.01 -0.01
63 -0.02 0.01 -0.03
83 -0.04 -0.01 0.04 -0.40

84 -0.05 -0.03 -0.09 -0.19 0.01 -0.04 -0.01

90 -0.04 -0.11 -0.01 0.08

91 -0.07 -0.01 -0.07 -0.06 -0.19 0.03 -0.15

98 -0.05 -0.14 -0.05 -0.02 0.25

99 -0.01 -0.02 -0.05 0.12

After the history matching period, validati@nforecast part was carried out by using

the same fitting parameters aimjection dataobserved in injectorsAs it was in the
history match period, the total production rates coming frommitel fitthe observed

data in an acceptable range which shows an approximately 10 % error within 53 time
stepg(Figure 6.1)
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Thef i gure shows two different observed

1

day o anddapwdhradsistedgdimi Dat a Preparatioheo part

differencebetween these ratés coming from the nosproductive time of the wells
due to some pump failures, weoker and some surface operatiohs.regression

process, it was aimed to keep the model resultimihese calculated rate ranges.

Field Total Production History Match & Forecast

8000

7000

6000

# Real Data,CD
Real Data, WD
==Model Result
==forecast

Liquid Rate, rbbl/d
&
8

1996 1996 1997 1997 1998 1993 1999 1999 2000 2000 2001 2001

Years

Figure 6.10verall Field Production History Match and Validation Forecast

Oneotherimportant poinin this processs the need of initigudgmentby theuserto
prevent meaningless fitting parameters just calculated because of the mathematical
approximations. That is why there is a

aims data cleaning and problem size reduction;
The problems observed in CRM applicais arecategorized irthe followingparts;

Many Constraints & VariablesThe number of parameters needed to defiG&M

is directly related to the number of wells. These parameters must be estimated

simultaneously écause ofhe nature of fieldwide material balance.

In this case study, 2 x 15 primary production parameters, 14 x 15 x 2 injection

contribution parameters and 15 x 15 pressure contribution parameters (total of 675
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fitting parameters) are needed to generate this complicated model. Not only these
parameters but also the constraints for each time step and total must be used the model
to achieve meaningful results. For this specific case study, over 900 constraints are
needed for all the time steps over a three year matching period.

Shutin / Intermittent / Changing Wells: Throughout the life of a reservoir the

number of active wells changfor several reasons such as economics, operational and
technical. Because tie fact that every injection signal results in a production signal,
these data may skew calculated connectivities from the real ones.

In this case study, deep investigation was performed to avoidrspaetiods of the
producing wells and unstable petiof active wells. Besidesyo produces whichare
currently inactive and having low productgmnereexcluded from the model.

Outliers: High or low production rates can affect the model calculation negatively.
Observed low rates may berasult of a partial amount of monthly production
(workover or shuin) and high rates may be seen because of the change in a well
productivity or equipment used in a well. Whatever the re@saa big fluctuation

causes problems because of the natur@wolimear regression analysis.
In this case study, the time steps which have low production rates related to working
days wereexcluded from theobjective function to avoid wrong fitting.As a

consequencehe modetesults were kept iarange of the mentioneatevalues.

Weber (2009) also proposed tftilowing data cleaning and problem size reduction

methods

Reducing the Number of Gaindn the case of a large scale problem, some of the

wells which have negligible effean the production response can be ignored. There
are two possible ways to do this; the first one is to eliminate the wells having values
less than a determined enftf value if it is geologically reasonabl€he second one is

to eliminate some pairs having higher distances than the threshold values.
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Because of the nature of mathematical approximations, even the furthest wells may be
in interaction with each other if they can succeed to minimize the objégticdon.

Here, the judgment of interpreter comes into pichyre@ising the information of other
sourcesto eliminate the pairs which do not have the possibility to interact. Also,

inactive welk must be removed from the calculatimndecreaseomputatioml time.

In this case study, by usingell distances, statidynamic data andbreakthrough
analysis, all possible well interactiongreanalyzedand thepairswhich do not have
possibility wereexcluded frontalculation(can be seen from matriceEast and west
part of thefield (line crossingG-65, G66 and G80 can be accepted as center line)

were analyzedeparatelyNo inactive wells were used in calculations.

Shutin Logic: As the theorystates that all measured rates are the result of some

measured injection signals, additional logic must be needed to overcome this missing
production rate responses. There are two possible ways of eliminating these errors.
One of them is excluding thesegs from the objective functiohe other one is the
procedure proposed by Kaviani et al. (2008) which applies superposition with a virtual
injector. In thisway, productionas much as the injection rate frdahe same point
continues and the total rate becomes zesit is in real caséBut thisalso results in

new but less additional parameters comparedgoconventionalCRM to be solved.
In this case study, because of the most suitable working period is selected, no
eliminationwas needed. Only the rates of the wells not covering whole month were

not induded in the objective functiofproduction days less than 28 days in a month)

Outlier Classification Algorithms: After all modifications before the calculation,

outlier clasfiication can be done to minimize totabjective function. A given
measured rate is classified as an outlier if its residual is extremely different than the
tolerable range, they can be replaced by the neighboring data values.

In this case study, no outlier classification algorithms were applied. The observed data
and the modadrematched reasonabiyell in history matcing and forecastg period.
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Not to include theime stepsaving critical nonproductivetime (less than 28 days in
a month- shown as baselifi@n the objective function they wereexcluded from

analysisTotalliquid production matchegre shownn Figure6.2 throughFigure6.17.
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The weight coefficients which were used to match the total productiomlis are
shown in Figure 6.18. As seen from the figure, there is a complex system including

injectors affectingurroundingproducersvhich will be discussed in nephge
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Figure 6.18NeightCoefficientsBetween InjectoProducer Pairs

According to these results, all of the injectors have some interactions with surrounding
producers. The weiglebefficients change in a range between 0.1 and 0.6 whmhis

that thereservoiasregions showing differemharacteristics in terms obndctivity.

By comparing the weight coefficient values, the regions can be categorized in four
parts depending on the degree of heterogeneity. As can be seen fronttgrapbst
affected part by waterflooding is the middle of the field (ne@8&nd G83).Then it

is followed by thenorthwest part (near 62 and G63) andeast part (&8) of the
structure. The southeast part of the field is the lafistted part which can be also
validatedby both production rates and water cuts in that region (to be explained in the

following sections).
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6 . A2nal ysi sPaf ameWweergshgt s and Ti me Constant :

This part of the study explains the physical meanings of the fitting parameters and
evaluates the results of the case study. There are two main parameters that characterize
the interaction between production and injection wells; weatgkftficiens and time

constants.

Weight Coefficiens

Gentil (2005) explainedhe weightparameterdy using trasmissibility terms.By
considering a single injector and producers connected by different flow paths (Figure
6.19);

-~

o P1
N
@

P2
\/_\

‘(—\
@r

i

Il-l
11-3

Figure 6.195chematic of thénteractionBetweeninjectos-Producers
(Gentil, 2005)

't I s pxpswaesigemttsber ms of r ates;
— (6.1)

where

Nnis the contribution -pfottheerapeai bet ween

O s the total injection rate

By considering steadstatef | ow equati ons, Darcyods | aw c:

flow in the linear system:
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n Yn o oon (6.2)

where

Q is the average effective permeability
Ajjis the area open to flow

Lij is the length of the path

¢ is the viscosity of the field

N e istheinjection and producer flowing bottomhole pressures

“Y is the transmissibility between injectcaind producey
Equation explaiing the weights becomes
(6.3)

This shows that @ghts contain paranters related to rock arftlid properties like
permeabiliy andviscosity, flow geometry andperating conditions. This relati@an
give an idea about the investigatedervoirparameteif the others are known or can
be approximated.

Referring to both Yousef et al. (2006) and G209, there areltreemain outcomes
of theseexplanations

1) In a balancedavaterflooding operatigrsummation of the coefficientsshould

be equal to the ongithin a closed boundary system
B p (6.4)
2) In ahomogenous balanced resenibiere iscorrelationbetween_ coefficients

and well locations& reservoir properties whichsually exhibits an inverse

relationship between the distarmfepairsandcorrespondingveights
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— (6.5)

3) For the casef a symmetrical pattern, where the flow geometries are similar,
the ratio of the weights for a given injector angd neghboring producers can

be estimated by

- — - (6.6)

Time Constants

Yousef et al. (2006) explained that time constants as a function of total compressibility,
pore volume and productivity index. The reservoir parameters such as porosity, and
compressibility have important effects on dbeparameters. In addition to this, the

distances between wells are indirectly related with time constants.

t E— (6.7)

The case studies analyzedYiyusef et al(2006) showed that botihme constantand
weight coefficientdo not reflect interaction between injectors. This does not mean
that it is a general result for all caslest it must be investigated ftne cases.

Moreover, it was also stated that weights and time constants are not totally
independent._ is directly proportional to the productivity index whereid®

corresponding time constant is inversely proportional to the same productivity index.
Thus, thes two main parameters of the capacitance resistive model are inversely

related. Loglog plot of these parameters shows an inverse relationship.
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Yousef et al. (2006) anDelshad et al. (2009) used these plots to determine the
possibility of fracture presee in porous media. In a homogenous media, drawing a
log-log plot of weight coefficients and time constants results in a line with a sfope
-lwhi l e the parameters of heterogeneous

In this field case studyhe mentioned outcomegereinvestigated to determine if the
results are similar with the theoreticakpectations All the calculated weight
coefficients and corresponding distancepaifs are plotted. As it can be seen from

the Figue 6.2Q there is aeasonableorrelation between the mentioned parameters
most of the datal'here are some deviations caused by the dataset related to the affected
parts (egions wherés-98 and G62 are located)It can be concluded that there are

some heterogeneous parts in the system buestef it showssimilar characteristics
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Figure 6.20Weight Coefficients vs Distanc&etween Wells

As mentioned before, the weight coefficients and time constants are inversely related
parameters because of the productivity index terms that they includeeigtes and

time constantglargervaluesthanas =  @re ffloited on a letpg plot to see this
effect which resulted insaexpectedrendbut morescattered (Figuré.21). The main
reason ofhesescatterings may be because ofitisensitivity of thee parameter®ot

sensitiveasthe weight coefficienps Little changes in these parameters do not affect
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the history match dramatically so it is possible to fingimilar match with a
theoretically expectedweight coefficienti time constant elationshipwith some

modifications

The main idea behind this graph is abouthberogeneityf the reservoir. There are
someoutliersin these fitting parameters which would have been an indication of
conductivezones. Somepoints out of this ellipse which are relatedaftected regions
(regions where @8, G62 and G58 are locatedyere alsaletermined by the weight
coefficientdistributions.
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Figure 6.21Weight Coefficients & Time Constants Relationship

To beconfident abouthese fitting parameterjeymust be investigated by using the
other informatiorgroupscoming from the static and dynamic data of the fiStdrting

from the weight coefficients, the resuttsn besummarizeds follows:

1) Almost all of the injectorarein communicatiorwith more than one producer
and there are no big differences between waigéfficientsexcept thenes in
theregion which G98 and G62 arelocated.These coefficients anelated to

high-conductivezones near these producers.
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2) Theweight coefficients change in a range betw@dland0.6 which shows

a log-normal distribution with a mean of 0.qFigure 6.22). This analysis

indicatesthatthere are some heterogeneoegionsin which high conductive

corridors dominate the flow patHsot only by statistical analysis but aleg-

log plot of the weightcoefficientsand time constantsesulted insimilar

outcomes
Statistical Analysis
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Figure 6.22 Statistical Analysis of Weight Coefficients

3) The time constants change in a range between 1 arah@SBowa log-normal

distribution with a mean of 14@Figure6.23). This analysis shosthat most

of thetime constant valudsll into low intervalwhich indicatesa fastsignat

response effecThisresultcanexplainthe existence géreferredflow paths of

injected water andbserved unexpectdudgh water cug in the system
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Figure 6.23 Statistical Analysis of Time Constants
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4) If sum of the weight coefficientsf each injectoare investigated, it can be seen

5)

thatthey (except G65 which is located in the center of the welsg lower
than unity which means injection outside of tliainage area of the producers
or the reservoir limit§Table 6.2.

This is a common outcomeof a peripheral waterflooding operatian
Specifically for this field, @king the total injection and proclion volumes
into account,almost 112 times amountof producedliquid (oil + water)
equivalent low salinity watewas already injected into the reservoir by the
beginning of the year 199@hus, it is not surprising to see tlsame of the
injected watelleaks out of the reservoilhe total loss in the injection rates
calculatedby usingthe weight coefficierstand ratess equal t060% of the
injected water32% of this injectiorratelossesis directly related to three wells
(G-38, G50 and 40) locatd in the north west of the field.

Table 6.2 Weight Coefficient Table Showing the Calculation Results

Aij G-20 | G-22 | G-32 | G-34 | G-36 | G-58 | G-59 | G-62 | G-63 | G-83 | G-84 | G-90 | G-91 | G-98 | G-99 |Sum Aijj
G-26 0.07 0.18 | 0.15 0.05 | 0.45
G-31 | 0.10 0.13 0.03 | 0.15 0.41
G-38 0.01 | 0.06 0.07
G-40 0.05 0.18 | 0.10 0.05 | 0.38
G-42 0.07 0.01 0.13 0.08 0.02 | 0.10 0.41
G-49 | 0.07 0.01 | 0.04 0.05 0.02 | 0.01 | 0.05 | 0.01 0.26
G-50 0.09 | 0.01 0.02 | 0.12
G-57 | 0.05 | 0.02 | 0.01 | 0.10 0.04 | 0.08 0.08 | 0.04 | 0.03 | 0.02 | 0.28 0.74
G-60 0.01 | 0.09 0.04 0.02 | 0.10 | 0.03 0.29
G-64 | 0.15 0.01 0.02 0.03 | 0.12 0.34
G-65 0.03 0.02 | 0.07 0.08 | 0.24 | 0.08 | 0.05 0.02 | 0.50 | 0.01 | 1.00
G-66 0.01 0.04 0.10 | 0.03 | 0.04 0.01 | 0.60 | 0.01 | 0.83
G-71 0.04 0.09 | 0.01 0.01 | 0.15
G-80 0.01 0.01 | 0.04 0.06 | 0.08 | 0.05 | 0.06 0.02 | 0.30 | 0.02 | 0.65

Most of the wells located in theorthwestregion are not effective as the
others. The main reasaf this situationcanbe explainedy taking the past
injection times into account. Asan be seen from the FiguBe24, thereare
interwell connectivity plots of botthe early time water breakthrougperiod

in 1960s and the situatian the beginning of the year 199Because of the
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timing and the pattern changbey do not refleceéxactly thesame picture but

the flow paths are all in agreement with each other.

Up tothe year of 199@nost of the watewasinjectedfrom G-38, G42, G50,

G-60 and G61. In the working periods of analysis;38 and G50 continued

to injectthe highest rates in the field but this was not same for the wttksr
Because of the cumulative water injectioom these welland thé locatiors
(outside part)it can be expected to observe lower contributions compared to
the wells located in other regions.

At this point, the injection rates and weightefficientsmust be distinguished
from each other because the main production responses are related to the
injection rates not the weight coefficients

To compare the weight coefficients and time constaiits the expected flow
directions coming frompressure analysigitial liquid in place and cumulative
volumes were used:his method is used because of the absence of the static

reservoir pressure data in the working time period.

First of all, by using the petrophysical data, original liquid icpl has been
distributedin 2D by krigging method. Then, again by using the same method,
cumulative injection and liquid production distributions were generated. Based
on some assumptions like closed system, homogenous displacement and

constant compressiiy, grid based distributions were used in calculations;

Liquid in Place = Initial Liquid in Placé Liquid Production +Injection

The result omaterial balance approximations are shown in Figu#® which

can be used as the indirect pressure distribution of the field just before the
history match working period. When they are overlapped with the current
weight coefficients, it shows an accdg&relationship with the main flow
directions and the regions where injection losses observed (Bigéje
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Figure 625 Comparison offotal Liquid in Placein 1956& 1996
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In addition topressure difference, permeability distribution of the system is
also very importanto determine th@referredflow paths in the reservoiBy
usingthe core and DSpermeabilitiesa vector maythe darker therrow the
more permeabldirection) was geneated throughout the field to compare with

the calculatedveight coefficientgFigure 6.27)
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Figure 6.2 Permeability Vector Map vs Weight Coefficients

To generat arepresentativpermeabilityvector map andorrectly define the
flow paths, average permeabilitiestbé wells areused in distributionsAs it
can be seen from the figure, theight directions and permeability vecsare

in agreement and represent thain flow directions.

There are mainly thregarts representing the conductive regions of the
reservoir in which &2, G98 and G58 wells are locatedAnother important
conclusion is the irresponsive pafitearG-32, G84, G-36 production wells)

of the reservoir whicBhow low production rates and water cuts compared the
other producersAs a result of this comparisonwasrealizedthat the weight
coefficients and the permeability trends are strongly in agreement.
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Water cut digibution alsoshowsless waterflooding effects in some regions
which arealso in agreement with the main displacement directzoadyzed

from pressure and permeability distributioAs can be seen froigure6.28,

the wells with lower water cuts are located close to the reverse fault in the south
east and wespart of the fieldwhere the injected water prefers to flow

according to the model results.

Water Cut (% )
- |
0.00 £0.00 100.00

Figure6.28 Water Cut Distribution of the Wells in the Year of 1996

7) Time constantsvere investigatedy comparing with the relative distances
between well pairs and pore volume distributiofilsereis not just a direct
relationship between pore volume and time constant but also there is a
productivity indextermto be taken into accounthat is why it is not vergasy
to explain alltime constants on a just single map. Instead of Wey, time
corstants of the same injector with their pairs nmhesinvestigatedhternally.

Main conclusion fromFigure6.29 is thatthe time constantare larger where

there is a largpore volumelarger distancandpoor well connectivity.
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Figure 629 Time Constants 8ween InjecteProducer Pairs

Pressureoefficientdatashowed thaall of the wells have pressure effects on
itself and the nearby producers. According toahalysis (Figure 80), most

of the pressures coefficients fall int@.15 to 0.1 interval which means
moderate effects onrgduction Outliers in this data set belongs to the well
pairsof G-98 whose production is highly dependent on the surrounding.wel

Statistical Analysis
Mean -0.03994) 10
Standard Error 0.010478]
Median -0.03] 25 4
Mode -0.02; = 20 m Frequency
Standard Deviation | 0.085764 &£
Sample Variance 0.007356 %15 ]
Kurtosis 5712729 = 10
Skewness -0.87834 5 |
Range 0.65]
Minimum -0.4 0 R - e B )
Maximum 0.25 gogc’;og gcgogg
Sum -2.67617 Bin
Count 67|

Figure 630 Statistical Analysis of Pressure Coefficients
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6. 3 Fractional Oi | FI ow Mat ch

Kazakov (1976)modelis theselectedoil fractionalflow modelwhich fits the water
cut and oil production trend very well within tlogtimization period (2002010)
Remembeng the model once morethe relationship between cumulative oil

production and oil cut can Istated as follows

— 0 (6.8)

Np =cumulativeoil production bbli m3

a, b = constants

To find these constanthjstory matching procedunsasappliedby usingnonlinear
regressionEven the early time trends (before 1992) are not very well matched in all
wells because of the changesfield conditions, it is acceptable to be used for
optimization period.Table 6.3 shows the calculated constardad the average
matching errors for different wellsbetween theyearsof 20032015. When these
constants are plotted on a graph (FiguBi)6.it can be observed that almost all wells
except G62, G83 and &8 have snilar water cut increase trends which also honors
the hgh conductive zones determined by CRM.

Table 6.3 Calculated Constants of ®i FractionalFlow Model

Well a b % Error (2000-2015years)
G-20 1.24 4.2E07 4.31
G-22 1.20 8.7E07 2.82
G-32 1.03 8.6E-07 9.72
G-34 1.40 | 1.65E06 2.36
G-36 1.25 | 5.74E07 3.69
G-58 1.80 | 7.71E07 3.56
G-59 1.92 1.4E06 1.89
G-62 8.50 4.5E06 0.4
G-63 1.20 | 7.13E07 1.38
G-83 6.15 1E-06 0.16
G-84 1.18 | 7.43E07 9.44
G-90 155 | 1.32E06 3.19
G-91 2.99 | 2.91E06 2.88
G-98 13.00 | 2.8E06 0.18
G-99 3.80 | 4.00E06 1.35
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Figure 631 Obtained Model Constants and Water Cut Increase Profiles

Fractional flow model match results can be seen from Fig@&titroughFigure 646.
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Figure 632 Oil Fractional Flow Match of €0
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Figure 633 Oil Fractional Flow Match of &2

Figure 634 Oil Fractional Flow Match of &2
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